In our era of converging technologies, it is significant that the second Industrial Revolution should meet the first on common ground: textiles. Modern data processing is, after all, an offshoot of technology first introduced in the 18th century to automate the production of woven textiles.
The punched-card system developed by J.-M. Jacquard in 1804 to regulate the weaving of patterned fabrics was later adapted by the English inventor C. Babbage for his proposed analytical engine, the precursor of all binary-based digital computers. Now researchers are delving into a new technology that literally weaves a computing platform into wearable fabrics, creating electronic textiles, or e-textiles, that offer the wearer ready access to information anytime, anywhere, through the medium of an unobtrusive interface.
This new field of research draws together an interdisciplinary cadre of specialists in information technology, computing and communications, microtechnology, textiles, and application domains. Their objective is to develop an economical process for the manufacture of large-area, flexible, conformable information systems that can be used in such diverse areas as medicine, sports, space research, firefighting, and law enforcement.
In this paper, the authors explore the synergies accruing from wedding the capabilities of textiles with those of computing. In addition to the twin dimensions of functionality and aesthetics, clothing can now be woven to accommodate a third dimension: intelligence.
Clothing, the authors point out, meets the user's requirements for interactivity, connectivity, individuality, and adaptability. It is also probably the most universal of human-computer interfaces: it is familiar; it can be tailored to individual sizes, tastes, and budgets; and it is adaptable to varying climatic conditions. Textiles also provide the ultimate flexibility in systems design by offering a broad range of fibers, yarns, fabrics, and manufacturing techniques. Fabrics also have the spatial capacity needed for hosting the large numbers of sensors and processors demanded for covering broad terrains, such as a battlefield. The size of clothing further enables designers the latitude to build in redundant systems to ensure fault tolerance. Digital Object Identifier 10.1109 /JPROC.2003 The current interest in intelligent textiles stems from a project funded by the U.S. Navy in 1996 called the Georgia Tech Wearable Motherboard (GTWM), a so-called smart shirt designed for combat casualty care. This shirt used optical fibers to detect bullet wounds, and special sensors and interconnects to monitor vital body signs continuously under combat conditions. Although early wearable systems were already in development since 1991 at Carnegie Mellon University, Pittsburgh, PA, and Massachusetts Institute of Technology, Cambridge, it was not until later that, by integrating textiles and computing, the GTWM smart shirt paved the way for truly wearable systems in which the fabric did not simply host the computer, but was the computer. As research progressed, it became evident that intelligent fabrics had far wider applications than just military. These applications include monitoring surgical patients during postoperative care, senior citizens in geriatric care or nursing homes, and newborn infants in pediatric care units; athletes either in training or during competition; astronauts experiencing the unique stresses of space flight; and firefighters and law enforcement officers.
Early intelligent textiles were essentially prototypes, cobbled together by adding computation and communications devices onto existing clothing. The authors now perceive the need for a new design paradigm, one that incorporates these essential functions in the warp and woof of the fabric itself. The finished product integrates five key elements: the underlying fabric; the interconnect architecture within the fabric, including circuitry, power supply, and interconnections; hardware, including sensors and other devices; software; and performance standards that quantify and measure such basic characteristics as physical dimensions, costs, manufacturability, and dataflow rates.
For all their similarities, e-textiles are not classic data networks, with their seemingly boundless capacity and processing capability, and the existing body of research on classic data networks does not apply directly to e-textile networks. For one thing, these networks consist of simple, low-cost, and highly unreliable components and interconnections. As a result, they have limited processing, storage, and energy capacity, lack scalability and flexibility, and are subject to higher failure rates than traditional data networks. They are also vulnerable to damage from fabric tears occasioned either by accident or extended use.
0018-9219/03$17.00 © 2003 IEEE E-textiles also have electronic component requirements quite different from those of larger data processing systems. Their components, for instance, need to be functional, unobtrusive, robust, small, and inexpensive, qualities that describe current single-chip microelectronic systems. A number of such components are already in use in a number of entertainment, safety, and communications applications. These include processing chips for music systems, sensor chips used in fingerprint identification, chip sets employed in short-range wireless data exchanges, and smart electronic labels used for logistical purposes.
Interconnections for e-textile systems also differ. However, these benefit greatly from recent advances in microtechnology that produce integrated electronic circuits with millions of logic switching elements per square millimeter of silicon. Interconnections joining fabric to components can either be wired or soldered easily into textiles.
In the finished product, the electronic hardware disappears into the fabric precisely because it is part of the fabric. The approach favored by the authors consists of using conductive textiles for signal transmission. Naturally, these textiles must meet special requirements: they must be individually addressable and insulated to prevent shorts, and they must have sufficiently high bandwidth and signal integrity for transmitting high-frequency signals. In addition, they must be fashioned of fine, elastic fibers, making them lightweight and comfortable, and, finally, they must be able to withstand the stresses of weaving, wearing, and washing. All of these requirements can be satisfied through existing textile manufacturing equipment. The question is whether the resulting fabrics are suitable for transmitting electrical signals.
To answer this question, the authors put the fabrics to the test. Their experiments used polyester yarns twisted with a copper filament, which were then woven into conventional fabrics. This provided a tight mesh of individually addressable wires that could be used either as basic transmission lines or as whole circuits. Two types of fabrics were tested: those with metal filaments running only lengthwise, in the warp direction, and those with filaments running in both the warp and woof, or crosswise, directions. The warp filaments served as signal lines, while the metal filaments on either side formed the ground lines. The textiles were tested with the metal filaments running only in the warp direction, and in both the warp and crosswise directions. Fabrics with metal filaments running only in the warp direction displayed lower capacitance and inductance and, consequently, faster signal propagations than those with metal filaments running in both directions. Textiles with filaments running in both directions, however, showed higher capacitance and lower impedances. The results generally showed that it is possible to determine the electrical properties of different textiles, thus enabling designers to make optimum use of different fabrics and their signal line configurations.
The authors envision two broad categories of e-textile applications: wearable and nonwearable. Many specific applications in wearable textiles have been identified. The relatively new field of nonwearable textiles includes such applications as large-scale acoustic beam forming arrays, self-steering parafoils, and intelligent, inflatable decoys. Both wearable and nonwearable categories must meet three common design goals: low cost, durability, and economic power consumption for longer life. By their nature, wearable e-textiles have a more complex form factor and are in motion more often than nonwearable textiles. Nonwearable textiles, on the other hand, must also be able to accommodate a multiplicity of components, ranging from hundreds to thousands, on fabrics tens of meters in length.
The authors conclude that e-textiles may ultimately succeed smart cards in allowing people to carry essential personal data on their person, securely and invisibly. They will also provide possibly the best support for disabled individuals by improving their sensing and response capabilities. In the near term, special segments of the market, such as medicine, the military, law enforcement, and sports training, may benefit more from e-textile technology currently available.
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